Yolk-shell Fe 3 O 4 @N-doped carbon nanochains, intended for application as a novel microwave-absorption material, have been constructed by a three-step method. Magnetic-field-induced distillation-precipitation polymerization was used to synthesize nanochains with a one-dimensional (1D) structure. Then, a polypyrrole shell was uniformly applied to the surface of the nanochains through oxidant-directed vapor-phase polymerization, and finally the pyrolysis process was completed. The obtained products were characterized by X-ray diffraction (XRD), X-ray photoelectron spectra (XPS), and thermogravimetric analyses (TGA) to confirm the compositions. The morphology and microstructure were observed using an optical microscope, scanning electron microscope (SEM), and transmission electron microscope (TEM). The N 2 absorption-desorption isotherms indicate a Brunauer-Emmett-Teller (BET) specific surface area of 74 m 2 /g and a pore width of 5-30 nm. Investigations of the microwave absorption performance indicate that paraffin-based composites loaded with 20 wt.% yolk-shell Fe 3 O 4 @N-doped carbon nanochains possess a minimum reflection loss of −63.09 dB (11.91 GHz) and an effective absorption bandwidth of 5.34 GHz at a matching layer thickness of 3.1 mm. In addition, by tailoring the layer thicknesses, the effective absorption frequency bands can be made to cover most of the C, X, and Ku bands. By offering the advantages of stronger absorption, broad absorption bandwidth, low loading, thin layers, and intrinsic light weight, yolk-shell Fe 3 O 4 @N-doped carbon nanochains will be excellent candidates for practical application to microwave absorption. An analysis of the microwave absorption mechanism reveals that the excellent microwave absorption performance can be explained by the quarter-wavelength cancellation theory, good impedance matching, intense conductive loss, multiple reflections and scatterings, dielectric loss, magnetic loss, and microwave plasma loss.
Introduction
Around the world, with the rapid development of science and technology, electronic devices are becoming smarter, being made smaller, and growing in number every day. To date, electronic equipment has played an irreplaceable role in people's lives and jobs. However, a latent and invisible hazard, originating from electronic devices, should be taken seriously. This hazard originates from the fact that electronic devices can create electromagnetic interference (EMI), which not only affects human health but also leads to the malfunctioning and degradation of other electronics [1] [2] [3] [4] . As such, the issue of EMI is becoming increasingly serious and urgent. Thus, more attention is being paid to addressing this problem.
Electromagnetic shielding and microwave absorption have been regarded as being two effective approaches for dealing with EMI. Nevertheless, an electromagnetic wave may be reflected by the surface of an electromagnetic shielding material, ultimately inducing secondary pollution. Microwave absorption materials convert incident electromagnetic wave energy to thermal or other forms of energy. Hence, microwaveabsorption materials are regarded as being the preferable option. To improve the microwave absorption performance, researchers should focus on two factors. One is the impedance matching between air and the absorption materials while the other is the reflection loss performance. A combination of magnetic and dielectric materials has the benefit of realizing good impedance matching and favors magnetic and dielectric loss, all of which are conducive to enhancing the microwave absorption. Thus, greater efforts have been devoted to the design of microwave-absorption materials consisting of dielectric and magnetic components.
In recent years, microwave-absorption materials with magnetic cores and dielectric shells have attracted great interest due to the synergistic effect of the magnetic loss in the cores and the dielectric loss in the shells. Specifically, Du et al. and Che et al. undertook far-reaching investigations, such as core-shell Fe 3 O 4 @C (−40.0 dB, 14.0-17.9 GHz) [5] , Fe 3 O 4 @PANI (−37.4 dB, 10.1-14.3 GHz) [6] , Fe 3 O 4 @TiO 2 (−23.3 dB) [7] , Fe 3 O 4 @ PEDOT (−31.4 dB, 3.8-5.2 GHz) [8] , CoNi@SiO 2 @TiO 2 (−58.2 dB, 8.0-16.1 GHz) [9] , Co 20 Ni 80 @TiO 2 (−25.0 dB, 10.0-16.2 GHz) [10] , and Co@C (−68.7 dB) [11] . Our group also obtained core-shell Fe 3 O 4 @PPy [12] and hierarchical core-shell Fe 3 O 4 @MnO 2 absorbents [13] , both of which exhibit strong microwave absorption capabilities. In addition, given their unique features such as low density, large surface area, designable interspaces, and functional interfaces, special core@ void@shell structures, known as yolk-shell structures, are superior in terms of microwave absorption over typical core-shell structures. The presence of many void spaces intensifies the multiple reflection and scattering behavior of the incident electromagnetic wave and is conducive to reducing the material's weight. On the other hand, a large surface area and functional interfaces can also enhance the dielectric loss, including dominant dipolar polarizations, interfacial polarizations, and associated relaxation phenomena. To date, a series of yolk-shell nanocomposites has been reported and applied to the field of microwave absorption, such as Fe 3 O 4 @SnO 2 [14] , Fe 3 O 4 @TiO 2 [15] , Fe 3 O 4 @BaTiO 3 [16] , Fe 3 O 4 @CuSiO 3 [17] , Fe 3 O 4 @C [18] , Ni@SnO 2 [19] and CoNi@Air@TiO 2 [9] . Although yolk-shell nanocomposites with magnetic metal cores and metal oxides shells exhibit an outstanding microwave absorption performance, their poor stability and heavy weight prevent them from being used more extensively. Briefly, Ni and CoNi metals, as magnetic cores, are very sensitive to exposure to oxygen and moisture, while metal oxide shells often suffer from acid corrosion. In contrast, carbon shells, a typical dielectric loss medium, not only offer inherent merits of chemical stability and light weight but also protect the magnetic cores from pollution and corrosion. Thus, Fe 3 O 4 @C nanocomposites with a yolk-shell structure are regarded as being very promising candidates in that they can simultaneously satisfy the increasing demand for light weight, minimal thickness, a wide absorption bandwidth, and strong absorption characteristics.
Currently, studies of Fe 3 O 4 @C microwave absorbents with a yolk-shell structure are still limited to nanoparticles or nanorods [18] . It is well known that the geometries, shapes, sizes, and microstructures of the absorbents have a great influence on the microwave absorption performance. More recently, onedimensional (1D) structured nanocomposites for use Nano Res. 2018, 11(3): 1500-1519 as electromagnetic wave absorbents have been developed. These offer a high surface-to-volume ratio and feature an isotropic antenna dissipation mechanism [20, 21] . Liu reported on the synthesis of threedimensional (3D) nets from nickel nanochains. These materials offer a tunable microwave absorption performance [22] . Fe 3 O 4 nanowires exhibit a minimum reflection loss value of −17.2 dB at 6.2 GHz [23] . Hierarchical Fe nanowires also have a minimum reflection loss value of −27.28 dB at the low-gigahertz range (2-6 GHz) [24] . Moreover, FeCo nanochains with ultrathin interfacial gaps are also capable of broadband electromagnetic wave absorption [25] . Thus, researchers are working towards the development of Fe 3 O 4 @C nanowires or nanochains with a yolk-shell structure, which can take advantage of the merits of both the yolk-shell structure and the one-dimensional orientation to further enhance the microwave absorption performance. Unfortunately, very little related material exists in the literature.
In the present study, we set out to design yolk-shell Fe 3 = 5,000,000-7,000,000 Da) were purchased from Aladdin Corporation. All the chemicals were of analytical grade and used as received without any further purification. Deionized water was used for all the experiments.
Synthesis of core-shell Fe 3 O 4 @P(EGDMA-MAA) nanochains
Core-shell Fe 3 O 4 @P(EGDMA-MAA) nanochains were synthesized through magnetic-field-induced precipitation polymerization [26, 27] . Essentially, porous Fe 3 O 4 magnetic microspheres were first prepared using a modified hydrothermal method. The process is described in detail in the Electronic Supplementary Material (ESM) [28] . Then, 0.03 g of as-synthesized Fe 3 O 4 microspheres were well dispersed in 80 mL of acetonitrile through ultrasonication. Meanwhile, MAA (0.20 g), EGDMA (0.05 g), and AIBN (10.0 mg) were entirely dissolved in 20 mL of acetonitrile. These two parts were mixed in a three-necked flask with vigorous stirring for 1 h, to form a homogeneous solution. When the bath temperature was increased to 85 °C , the precipitation polymerization reaction began under the influence of the external magnetic field. After the reaction had proceeded for 1 h, the products were collected through magnetic separation and then washed several times with ethanol and deionized water. Finally, the products were dried under a vacuum at 80 °C for 12 h. were put in another sample vial. These two vials were placed in a sealed container at 50 °C for one week. Because of the absorption of the Fe 3+ ions, a polymerization reaction of the pyrrole monomers took place on the surface of the Fe 3 O 4 @P(EGDMA-MAA) nanochains. Once the reaction ended, the products were washed several times with ethanol and deionized water, and were then dried by vacuum freeze-drying.
Synthesis of yolk-shell Fe 3 O 4 @N-doped carbon nanochains
Fe 3 O 4 @P(EGDMA-MAA)@PPy nanochains were carbonized using the salt crystallization method. First, the obtained Fe 3 O 4 @P(EGDMA-MAA)@PPy nanochains were added to 15 mL of saturated NaCl solution. The mixture was stirred for 30 min to produce a suspension. Then, the mixture was heated to 80 °C to gradually remove the water. As the water content fell, the NaCl crystals encasing the nanochains gradually precipitated out. During this process, an oversaturated NaCl solution was continuously and slowly added until the NaCl crystals entirely encased the Fe 3 O 4 @P(EGDMA-MAA)@PPy nanochains. Next, the composites were dried under a vacuum at 60 °C for 24 h. Then, the dry composites were heated from room temperature to 600 °C at a heating rate of 1 K/min and then held at 600 °C for 3 h in an argon flow. After calcination, the NaCl crystals on the samples were washed away with hot water. The products were then collected by vacuum filtration and dried under a vacuum at 80 °C until a constant weight was attained, thus realizing the final yolk-shell Fe 3 O 4 @N-doped carbon nanochains.
Characterization
A GSL-1700X tube furnace was employed to calcine the samples. The Fourier transform infrared (FTIR) spectra in a range of 400-4,000 cm −1 were recorded on KBr powder-pressed pellets with a BRUKER TENSOR 27 spectrometer. X-ray diffraction patterns (XRD) were obtained using a Shimadzu XRD-7000s diffractometer with Cu Kα radiation (λ = 1.542 Å) from 20° to 80°. The morphologies of the samples were observed using an optical microscope (10XB-PC) and a field emission scanning electron microscope (FE-SEM, ZEISS EVO 18 Research) with an accelerating voltage of 15 kV. The detailed microstructure was revealed by transmission electron microscopy (TEM) performed on a JEOL JEM-2010 transmission electron microscope with an accelerating voltage of 200 kV. Thermalgravimetric analyses (TGA) were carried out with a Mettler Toledo TGA/DSC STARe apparatus at a heating rate of 10 °C /min under an air or nitrogen atmosphere from room temperature to 800 °C . The surface components of the samples were analyzed on a Thermo Scientific K-Alpha X-ray photoelectron spectroscope (XPS). The N 2 adsorption/desorption isotherms were recorded on a TriStar II 20 apparatus, and a specific surface area and pore volume analysis were performed using the Brunauer-Emmett-Teller (BET) and Barrett-JoynerHalenda (BJH) methods, respectively. The magnetic properties of the products were assessed using a vibrating sample magnetometer (VSM, LakeShore 7307) at room temperature. The microwave absorption measurements of the samples were carried out by a vector network analyzer (VNA, Agilent N5227) equipped with a coaxial transmission waveguide over a frequency range of 2-18 GHz. Prior to this measurement, a mixture of the samples and wax at mass ratios of 1:4 and 1:9 were pressed into an appropriate toroidal-shaped sample (Φ outer = 7.00 mm and Φ inner = 3.04 mm). Then, the electromagnetic parameters including   ,   ,  , and   were recorded on a standard HP 85071E software module at room temperature. Finally, the reflection loss (RL) values of the samples with different layer thicknesses were calculated using the following formulas
where Z 0 represents the impedance of free space, Z in is the normalized input impedance of a metal-backed microwave absorption layer, f is the frequency of the electromagnetic wave, c is the velocity of light in free space, d is the layer thickness, and RL is the reflection loss value. The relative complex permittivity During the carbonization process, the NaCl crystals function as a fully sealed nanoreactor, which facilitates nitrogen incorporation [29] . Moreover, gasification in such a closed nanoreactor can create a large number of pores, which not only reduce the weight but also increase the multiple reflection and absorption of the electromagnetic waves. As the temperature is gradually increased, the pyrolysis of P(EGDMA-MAA), together with the breakage of the C-O bonds, occurs. The generated small molecules are emitted and the amount of P(EGDMA-MAA)-derived carbon is very low, both of which lead to the formation of vacancies. The PPy-derived N-doped carbon shells can remain stable owing to their ring-shaped π-π conjugated Both the FTIR spectra and XRD patterns were analyzed to verify the components of the samples. Nano Res. 2018, 11(3): 1500-1519
The peak at 1,731 cm −1 is associated with the C=O stretching vibration, while the peak at 971 cm −1 corresponds to the O=C-O in-plane deformation. The two peaks at 1,254 and 1,160 cm −1 indicate the C-O-C stretching vibration [30] . Moreover, the sharp peak at 1,562 cm −1 is assigned to the fundamental vibration of the pyrrole ring, while the peak at 1,203 cm −1 is associated with the C-N stretching vibration. The FTIR results illustrate how the Fe 3 O 4 , P(EGDMA-MAA) is introduced before the PPy. Figure 3( [31] . No other diffraction peaks are observed, which indicates that the as-synthesized porous Fe 3 O 4 nanoparticles have a high level of purity. Curve (III) of Fig. 3 (b) has a broad peak at 25.0°-28.5° which can be attributed to the PPy polymer, shown in Fig. S1 in the Electronic Supplementary Material (ESM). However, in curve (II) of Fig. 3(b) , there is no peak at 20.0°-30.0°, which may be attributed to there being less P(EGDMA-MAA). In addition, a comparison of the three XRD patterns also indicates that the introduction of polymers has no effect on the Fe 3 O 4 crystal.
After the vapor-phase polymerization reaction was complete, the products were characterized through XPS. Figure 4 shows the XPS spectra, which indicate the electron states and elemental compositions of the product surfaces. The wide-scan spectrum shown in Fig. 4(a) shows that Fe, C, N, O, and Cl exist on the surfaces of the Fe 3 O 4 @P(EGDMA-MAA)@PPy nanochains. Given the experimental process, we can infer that the Fe and Cl elements originate from the FeCl 3 oxidants and/or corresponding products (FeCl 2 ), and that the N elements come from the pyrrole monomers and/or PPy. In Fig. 4(b) , the C 1s core-level spectrum of the products is decomposed into four subpeaks at a binding energy of 284.6, 286.0, 286.9, and 288.7 eV, respectively, which are attributed to C-C/C-H, C-N, C-O, and O-C=O [32, 33] . The results also indicate the existence of P(EGDMA-MAA). As shown in Fig. 4(c Nano Res. 2018, 11(3): 1500-1519 demonstrating the high conversion yield. According to the deconvalution of the N 1s core-level spectrum (Fig. 4(d) ), the imine-like (=N-) and amine-like (-NH-) nitrogens at 397.2 and 399.4 eV also indicate the formation of polypyrrole. These XPS results are in good agreement with the above FTIR results. The TGA curves of the samples were recorded under a nitrogen flow and are shown in Fig. 5 . Obviously, the three curves exhibit a slight weight loss of around 1.47% from room temperature to 135 °C , which is probably due to the evaporation of the absorbed water and/or ethanol [35, 36] . For the pure Fe 3 O 4 particles, curve (a) first exhibits a weight loss between 135 and 440 °C , and then remains stable between 440-800 °C . The effective weight loss of the Fe 3 O 4 particles is around 6.91%, which arises from the pyrolysis of small organic molecules and polymer stabilizers. Both curves (b) and (c) exhibit a stable trend at 450 and 565 °C with a large Based on the TGA results, the as-obtained Fe 3 O 4 @P(EGDMA-MAA)@PPy nanochains were calcined at 600 °C under an argon atmosphere. The morphologies of the products are depicted in Fig. 6 . The SEM images shown in Fig. 6(a) show that the products retain their one-dimensional necklace-like structure, while their lengths also exhibit no variation (10-30 μm) . Inset (a1) shows the magnified SEM image, in which the extreme end of the nanochain presents the yolk-shell structure. To further determine the microstructure of the products, TEM characterizations were employed. In Figs. 6(b) and 6(c), the TEM images clearly reveal the yolk-shell structure of the nanochains. Moreover, they have porous spheres as their cores and nitrogendoped carbon as their shells. A close-up view (Fig. 6(c) ) shows that the diameter of the nanochains is still around 450 nm but the shell thickness of the nanochains decreases from around 90 to 64 nm after the calcination. This result can be attributed to the rigid π-π conjugate skeleton of the PPy and easy pyrolysis of the P(EGDMA-MAA). During the calcination, owing to the C-O bond cleavages from the crosslinking agent EGDMA, the P(EGDMA-MAA) shells gradually fall off the Fe 3 O 4 particles and then form a very few scattered carbon particles, attached to the PPy-derived nitrogen-doped carbon shells. Hence, some vacancies are produced. In addition, the generation of gases is also conducive to an increase in the number of voids reveals that the latter cores are more porous than the former ones. This is because the gasification in the fully sealed NaCl crystal reactor causes more pores to be formed in the particles. In Fig. S2 in the ESM, the XRD pattern of the products demonstrates that a broad peak from 15° to 25° is attributed to the amorphous N-doped carbon, while the other diffraction peaks are in very good agreement with the standard card for JCDPS 79-0419, confirming the coexistence of Fe 3 O 4 and N-doped carbon [37] . Thus, yolk-shell Fe 3 O 4 @N-doped carbon nanochains were successfully synthesized.
To understand the surface chemical composition of yolk-shell Fe 3 O 4 @N-doped carbon nanochains, X-ray photoelectron spectroscopy was performed again. Figure 7 (a) shows the wide survey scan spectrum, in which only three elements appear: C, N, and O. According to the deconvolutions of the C 1s corelevel spectrum (Fig. 7(b) ), the three peaks are located at 284.6, 286.0, and 288.5 eV, corresponding to C-C, C-N, and O-C=O, respectively. Moreover, the peak intensities tell us that the C-C bonds play the main role, while the C-N bonds do not appear to be particularly different from the O-C=O bonds. When the PPy is carbonized, the N 1s XPS spectrum also changes. Figure 7(c) shows that the N 1s core-level spectrum is decomposed into three component peaks at 398.6, 400.4, and 401.4 eV, which are attributed to the three types of nitrogen functional group, namely the pyridinic (N-6), pyrrolic (N-5), and quaternary nitrogens (N-Q) [38, 39] . These results indicate that some of the N atoms within the pentagonal ring of polypyrrole are converted to N-6 and N-Q in the carbonization process, as previously reported [40] [41] [42] . In fact, the peak area ratios demonstrate that the pyridinic, pyrrolic, and quaternary nitrogens have N atom contents of approximately 56.00%, 30.75%, and 13.25%. Plentiful pyridinic and quaternary nitrogen is beneficial for increasing the amount of chemically active sites and defects [43, 44] . The C 1s, N 1s, and O 1s peaks exhibit atomic contents of 75.8%, 4.0%, and 20.2%, respectively. Therefore, the percentage of N atoms in the N-doped carbon shells is approximately 4.0%.
To determine the carbon contents of the Fe 3 O 4 @N-doped carbon nanochains, TGA characterization was performed in air. Figure 8(a) shows the TGA curves. An initial loss of approximately 3.0% occurs in the range of 35-150 °C , which is due to the removal of the small amount of absorbed water. Then, as a result of Nano Res. 2018, 11(3): 1500-1519 the increase in the temperature, the reaction of the carbon shells with the air leads to a large loss of approximately 57.33%. The transition from Fe 3 O 4 to Fe 2 O 3 also occurs, which can cause the weight to increase. However, the TGA curve does not exhibit an increasing trend. This is because the weight increase is much less than the weight loss in the carbonization of Fe 3 O 4 @N-doped carbon nanochains. Once the calcination is complete, the residual product will be pure Fe 2 O 3 , which can also be verified by the change in the color, with the starting material being black and the final product being reddish-brown. Furthermore, the N-doped carbon contents of the yolk-shell nanochains can be calculated using the following equations Oe and an upper remanent magnetism of 5.8 emu/g. This difference in the coactivity and remanent magnetism may be related to the anisotropy and defects in the products [45, 46] .
The microwave absorption behaviors of yolk-shell Fe 3 O 4 @N-doped carbon nanochains were investigated for a frequency range of 2-18 GHz. As is well known, the microwave absorption properties of materials are estimated from the reflection loss curves. According to transmission line theory, the frequency-dependence RL values of samples can be deduced from Eqs. (1) and (2) . Figure 10 Fig. 10(b) . Generally, an RL value of −10 dB (depicted by the pink dashed line) is equivalent to a microwave absorbance efficiency of 90% while the RL value of < −10 dB represents the effective absorption. Figure 10(a) shows that the RL peaks gradually shift towards a low frequency as the layer thickness increases. This phenomenon can be explained by the quarter-wavelength cancellation model [47, 48] . In this model, the relationship between a matching thickness (t m ) and corresponding matching frequency (f m ) can be calculated using the following equation c is the velocity of light. When the layer thickness satisfies Eq. (5), the phase difference between the entering wave and the emerging wave is 180°, leading to the extinction of the electromagnetic energy at the air-absorber interface. For an n value of 1, the t m vs. f m (/4 wavelength) curve is described by the purple line in Fig. 10(c) . Interestingly, when we also consider the RL peaks and corresponding layer thicknesses ( Fig. 10(a) ), it is obvious that the crossing points described with the orange spheres are ideally located on the purple line. This result indicates that an electromagnetic microwave cancellation effect occurs at the matching thickness and the corresponding matching frequency. Thus, the quarter-wavelength principle can account for the excellent microwave absorption performance of the yolk-shell Fe 3 O 4 @N-doped carbon nanochains [49] . Furthermore, the effective absorption bands of the yolk-shell Fe 3 O 4 @N-doped carbon nanochains with the 20 wt.% loading are shown in Fig. 10(d Table 1 , we can infer that one-dimensional structured Fe 3 O 4 @C composites superior microwave absorption performance at a lower mass ratio (≤ 20 wt.%). This low mass ratio is beneficial for reducing the weight of the absorbents and thus enabling practical application. As is well known, ideal microwave-absorption materials must be capable of excellent absorption, have a broad bandwidth, and be light. Based on the above results, Nano Res. 2018, 11(3): 1500-1519 yolk-shell Fe 3 O 4 @N-doped carbon nanochains with 20 wt.% loading can be regarded as being more promising microwave-absorption materials owing to their offering several advantages including their intrinsic low weight, low loading, thin layers, strong absorption capability, and broad absorption frequency band.
To further reveal the possible microwave absorption mechanism of yolk-shell Fe 3 O 4 @N-doped carbon nanochains, we set out to gain an insight into the complex permittivity and complex permeability. It is known that the real permittivity (   ) and the real permeability (   ) represent the ability of a material to store electric and magnetic energy, while the imaginary permittivity (   ) and imaginary permeability (   )
represent the electric energy dissipation and magnetic loss, respectively [56] . As shown in Fig. 11(a As the electromagnetic wave is propagated inside the nanochains, the geometrical absorption/scattering effect of the one-dimensional orientation and yolk-shell structure can induce a large dielectric loss. Onedimensional structured N-doped carbon is conducive to the directional conduction of free electrons, thus improving the electrical energy dissipation. The formation of 3D conductive networks from the selfassembly of plentiful 1D nanochains can transform electromagnetic wave energy into a microcurrent, giving rise to an intense conductive loss [22, 57] . In addition, the existence of high porosity and large void spaces in the nanochains provides many active sites, which not only produces multiple reflections and scattering but also induces dipole orientation polarizations. Moreover, during the carbonization of a conjugated polypyrrole polymer, the generation of some defects and the doping of the nitrogen atoms can introduce additional dipole polarizations. As is well known, interface polarization arises when the neighboring phases differ from each other in a dielectric constant, conductivity or both at the testing frequency. It can be confirmed that various interface polarizations occur in the yolk-shell Fe 3 O 4 @N-doped carbon nanochains, such as the interface polarizations between the porous magnetic cores and N-doped carbon shells, between the porous magnetic cores, between the porous magnetic cores and air/paraffin, and between the N-doped carbon shells and air/ paraffin. Therefore, the interface polarizations play significant roles in the dielectric loss of Fe 3 O 4 @N-doped carbon nanochains. The relaxation loss is another factor contributing to the dielectric loss, which can be expressed by a Cole-Cole semicircle [19, 58] . Based on the Debye dipolar relaxation, the relative complex permittivity ( r  ) can be described by the following (6) where,   is the static permittivity,  is the polarization relaxation time, and   is the relative dielectric permittivity at the high-frequency limit, respectively. According to Eq. (6), it can be deduced that
From Eqs. (7) and (8), the relationship between   and   is given by the following equation
A plot of   versus   is shown in Fig. S4 in the ESM, in which a single semicircle is denoted as a Cole-Cole semicircle, indicating a Debye relaxation process [59] . There are three semicircles over the entire curve. This result demonstrates the occurrence of relaxation loss, which can also account for the dielectric loss. [60, 61] . This is because the eddy current will generate an extra magnetic field, which can cancel out the inherent magnetic field, leading to negative permeability. Moreover, the eddy current effect can be expressed by the following eddy equation [62, 63] 
If the eddy current effect is present in the microwave absorption, the C 0 values will remain constant despite a change in the frequency. The eddy current curve for Fe 3 O 4 @N-doped carbon nanochains, shown in Fig. S5 in the ESM, exhibits a horizontal line in the frequency band of 14.5-17.4 GHz. This result further verifies that the eddy current effect is included. In addition, the magnetic loss can also be explained by hysteresis loss, domain-wall resonance, and natural resonance [64] . The domain-wall resonance originating from multi-domain materials exists only in a low-frequency range of 1-100 MHz [65] . Furthermore, the hysteresis loss from the irreversible magnetization is negligible in a weak applied field. The natural resonance effect can be described by the following equations [66, 67] r 2πf rH  
where 0  is the universal value of permeability in free space ( coefficient, and M s and H c represent the saturation magnetization and coercivity, respectively. It can be inferred that the resonance frequency depends on the effective anisotropy field, which is associated with the coercivity values of the materials [55, 68] . Combined with the hysteresis loop curves of the samples shown in Fig. 9 , we can conclude that the Fe 3 O 4 @N-doped carbon nanochains have a larger coercivity than pure Fe 3 O 4 particles. The higher coercivity values can cause high-frequency resonance, which is helpful for enhancing the electromagnetic wave-absorption performance [69] . In addition, the dielectric loss and magnetic loss can be evaluated by the dielectric loss tangent These results demonstrate that the excellent microwave absorption performance has also been caused by the good impedance matching in the Fe 3 O 4 @N-doped carbon nanochains with 20 wt.% loading. Based on the above discussions, a possible microwave absorption mechanism based on yolk-shell Fe 3 O 4 @N-doped carbon nanochains has been proposed and is shown in Fig. 12 . First, one-dimensional structured nanochains can provide a longer transport path for dissipative current, resulting in a larger conductive loss. Moreover, the formation of a three-dimensional network can generate a microcurrent, which helps to increase the conductive loss. Second, various interfacial dipolarizations make a major contribution to the dielectric loss improvement. In the yolk-shell Fe 3 O 4 @N-doped carbon nanochains, there are four types of interfacial dipolarizations, including interfacial dipolarizations between cores and shells, between cores, between cores and air/paraffin, and between shells and air/ paraffin. Meanwhile, the relaxation effect also occurs. These results are caused by yolk-shell structures in the alternating electric field. Third, the defect dipolars generated by the carbon vacancies and the nitrogen substitutions correspond to the relaxation loss. Fourth, because of the high specific surface area, numerous pores, and large number of spaces, multiple reflections and scatterings of the electromagnetic waves are introduced. Additionally, previous studies have found that the plasma polarization can occur in the void space of yolk-shell structure [71] . For magnetic loss, the eddy current effect and natural resonance play major roles in enhancing the microwave absorption. In short, better impedance matching, conductive loss, multiple reflections and scatterings, microwave plasma loss, and the synergistic effect of magnetic loss and dielectric loss can be responsible for the excellent microwave absorption performance of yolk-shell Fe 3 O 4 @N-doped carbon nanochains with a 20 wt.% loading.
Conclusions
In summary, yolk-shell Fe 3 O 4 @N-doped carbon nanochains have been developed as highly effective microwave-absorption materials. The nanochains can reach 10-30 μm in length, while the shell thickness of the nitrogen-doped carbon is around 64 nm. Porous Nano Res. 2018, 11(3): 1500-1519 magnetic cores and the special yolk-shell structure cause the nanochains to have a high level of porosity. The pore width is mainly in a range of 5-30 nm, the BET specific surface area is approximately 74 m 2 /g and the BJH pore volume is approximately 0.22 cm 3 /g. Because of the high aspect ratio, yolk-shell structure, numerous pores and large number of spaces, Fe 3 O 4 @N-doped carbon nanochains can offer superior microwave absorption performance. At the matching layer thickness of 3.1 mm, paraffin-based composites with 20 wt.% loading yolk-shell Fe 3 O 4 @N-doped carbon nanochains can have a minimum reflection loss of −63.09 dB (11.91 GHz) and an effective absorption bandwidth of 5.34 GHz. To the best of our knowledge, these are the best figures to be reported to date. In addition, by changing the layer thicknesses, the effective absorption frequency bands can be tuned in the C, X, and Ku bands, respectively. Acquiring these advantages of stronger absorption capability, broad absorption bandwidth, low loading, thin layers, and intrinsic light weight, yolk-shell Fe 3 O 4 @N-doped carbon nanochains can be regarded as being more desirable candidates in the practical application of microwave absorption. Detailed microwave absorption mechanisms include quarter-wavelength cancellation theory, good impedance matching, intense conductive loss, multiple reflections and scatterings, microwave plasma loss, dielectric loss, and magnetic loss. Furthermore, the dielectric loss mainly originates from the various interfacial polarizations, plentiful dipole polarizations, and large amounts of relaxation loss, while magnetic loss mostly derives from natural resonance and the eddy current effect. Given these results, we believe that the ingenious design of yolk-shell Fe 3 O 4 @N-doped carbon nanochains will open up a new strategy for the exploitation of better microwave-absorption materials. In addition, the nanochains may be extended to other aspects such as lithium ion battery, supercapacitor, and photochemical catalysis. 
